). Finally, in vitro experiments vivo. We conclude that anosmin-1 has a dual branchsuggest that two of the secreted semaphorins, Sema3F promoting and guidance activity, which plays an esand Sema3B, may also be involved in the guidance of sential role in the patterning of mitral and tufted cell LOT axons (de Castro et al., 1999). In contrast, the moaxon collaterals to the olfactory cortex. lecular cues that trigger the formation of the LOT axon collaterals and their extension toward the olfactory cor-
plasia of the OB and olfactory tracts (de Morsier, 1955) . the cell membrane fraction derived from chick cerebellum by heparin or heparitinase treatment (Soussi-YaniAlthough the pathogenesis of the disease was expected to provide an interesting clue to the normal development costas et al., 1996). Under the same experimental conditions, the 100 kDa band detected by anti-human of the olfactory system, the function of anosmin-1, the encoded product of KAL-1, has so far remained elusive.
anosmin-1 antibodies was released from rat and mouse OB cell membrane fractions (not shown). Furthermore, In previous studies, we have shown that anosmin-1 is present in various extracellular matrices during human on tissue sections of developing OB, these antibodies labeled the same neuronal populations, the mitral cells, organogenesis (Hardelin et al., 1999) . During the early development of the olfactory system, anosmin-1 has in the chick and rat ( Figures 1D and 1E ). In addition, these cells in the chick were shown to express Kal-1 been detected in the OB anlage, but the expression of anosmin-1 at later stages of development has not yet mRNA ( Figure 1C) . Altogether, these data show that both P34 and P111 polyclonal antibodies, as well as the mAb been investigated.
In this study, we examined the distribution of anos-1-4 monoclonal antibody, specifically detect rat and mouse anosmin-1. min-1 in rat and mouse embryos during LOT development. We found that anosmin-1 is present in the LOT The three antibodies were used to study the distribution of anosmin-1 during the development of the central and the olfactory cortex. We therefore analyzed the role of this molecule in the formation of the LOT and its olfactory system in mouse and rat. At E14 in the rat, the axons just emerging from mitral cells to form the LOT collateral branches. Our work provides insight into the in vivo role of anosmin-1 and the control of the axonal were immunoreactive for anosmin-1; labeling was also detected in the presumptive olfactory cortex (data not branching process in the olfactory system. shown). From E15 onward, anosmin-1 was present along the LOT as well as in the entire olfactory cortex (Figures Results
2A-2D). Immunoelectronmicroscopy detected anosmin-1 mainly in the extracellular matrix of the olfactory Expression of Anosmin-1 in the Developing cortex (Figures 2E and 2F). Similar results were obtained Central Olfactory System in the mouse (data not shown). The KAL-1 gene has been conserved throughout evolution, and orthologous genes have been identified in birds (Legouis et al., 1993a, 1993b; Rugarli et al., 1993), zebra-

Anosmin-1 Controls the Formation of Collateral Branches from LOT Axons fish (Ardouin et al., 2000), Caenorhabditis elegans (GenBank accession number Z81561), and Drosophila (Gen-
Since anosmin-1 is present in the developing LOT and the olfactory cortex when LOT axons send their collatBank accession number AE003746). However, the mouse and rat Kal-1 genes have so far eluded cloning. This eral branches to this area, we investigated a possible role for anosmin-1 on the development of LOT axons suggests that these genes are very divergent from KAL-1, a situation likely explained by their chromosomal and their collateral branches. In the rat, axons begin to leave the OB by E14, a clear tract is observed by E15, position. KAL-1 belongs to Xp22.3, a chromosomal portion submitted to extensive variations between eutheand LOT axons start sending collateral branches to the olfactory cortex by E17 (Pini, 1993; Lopez-Mascaraque rian mammalians and even within primates. Notably, its telomeric part, the pseudoautosomal region, shows no et al., 1996; de Castro et al., 1999; and present results). We first analyzed the effect of anti-anosmin-1 antibodies homology between human and mouse. Moreover, the only known gene shared by these human and murine on LOT formation in organotypic cultures of whole telencephalic hemispheres taken from an E14 rat (Sugisaki chromosomal portions, STS/Sts, has a base composition highly different in the two species (Graves et al., et al., 1996; Hirata and Fujisawa, 1999). Telencephalons were cultured in whole mounts in normal medium (n ϭ 1998; Salido et al., 1996 ). Here, we tested whether the set of monoclonal and polyclonal antibodies that we 18) or in medium supplemented with either purified P111 anti-anosmin-1 antibody (n ϭ 16) or S0P111 preimmune had previously generated against purified human anosmin-1 and extensively characterized (Soussi-Yanicostas serum (n ϭ 8). After 3 days of in vitro culture (3 DIV), the OB neurons were labeled with DiI. A thick LOT, arched et al., 1996) detect the mouse and rat anosmin-1. Wholecell extracts and cell membrane fractions derived from caudo-medially at the surface of the olfactory cortex, was observed that was identical in the presence or abthe cerebellum, OB, and liver of E19 mouse and rat embryos were analyzed by Western blot, using two polysence of anti-anosmin-1 antibodies ( Figures 3A-3D ). We then analyzed the effect of anti-anosmin-1 anticlonal (P34 and P111) and one monoclonal (mAb 1-4) antibodies (Figure 1 and data Figures  1A and 1B, lane 3, and data not shown) . Moreover, we purified anti-anosmin-1 P111 antibodies (n ϭ 25), the LOT was well formed, as thick as in controls, and previously showed that anosmin-1 can be released from reached the piriform cortex, but strikingly, it was almost body (n ϭ 10), whereas in the presence of S0P34 preimmune sera (n ϭ 8), the LOT collaterals invaded the olfacentirely devoid of collateral branches (Figures 4I-4L ). This effect was robust, as it was observed in 92% of tory cortex (data not shown). Together, these results give no indication of a crucial the hemispheres tested, while in the remaining cases, less than three collaterals emerging from the LOT could role of anosmin-1 in the formation and guidance of the LOT primary axons, but they demonstrate that anosbe detected (data not shown). Similarly, LOT collaterals were not observed when hemispheres were cultured in min-1 is required for the development of their collateral branches. the presence of the purified P34 anti-anosmin-1 anti- was 5-and 13-fold higher on anosmin-1 (p Ͻ 0.001; Figure 5L ) than on laminin and fibronectin, respectively. These collateral branches had a mean length of 77 Ϯ 1 m on anosmin-1, i.e., 6-and 8-fold longer than on laminin or fibronectin, respectively (p Ͻ 0.001; Figure  5M ). To explore further the branch-promoting effect of anosmin-1, we next examined whether anosmin-1 was able to induce neurite branching of OB neurons cultured on a permissive substrate, such as laminin. E17 OB neurons were grown on laminin-coated plates in a medium with or without anosmin-1 (i.e., supplemented with culture medium conditioned by anosmin-1-producing CHO cells or untransfected CHO cells; see Experimental Procedures). In the presence of anosmin-1, the length of the longest neurite was unchanged, but both the number of branches and the length of these branches arising from the longest neurite significantly increased (p Ͻ 0.0001); a 6-and 5-fold increase of the number and length of the branches, respectively, was observed (Figures 5E-5H and 5K-5M). Under the same culture conditions, when S0P111 preimmune serum was added, anosmin-1 branching-promoting activity was normally 
E18 But Not E15 Rat Olfactory Cortex Induces an Oriented Growth of OB Axons Mediated Anosmin-1 Stimulates Formation of Collateral Branches from Dissociated OB Neurons
by Anosmin-1 Since anosmin-1 is present in the extracellular matrix We further investigated the branching effect of anosmin-1 by comparing the morphology of neurites emergof the olfactory cortex, we tested the long-range effect of anosmin-1 produced by the olfactory cortex on the ing from dissociated OB neurons cultured on a substrate of purified anosmin-1 (Soussi-Yanicostas et al., 1996), growth of OB axons. Rat OB were cultured at a distance (around 200 m) from explants of olfactory cortex, laminin, or fibronectin. The dissociated OB neurons were cultured at low density on coated coverslips in order mainly composed of the piriform cortex, in three-dimensional collagen gel matrices. When E15 rat OB explants to permit visualization of the morphology of individual neurons. The neurons used in these experiments were were cocultured for 2 DIV with piriform cortex explants from E15 rats (n ϭ 87), axons extended from all OB derived from rat OB dissected at either E15 or E17, i.e., at the beginning or at the end of the waiting period. explants in a radial pattern (Figures 6A, 6E, and 6F). In contrast, when the same OB explants were cultured in After 3 DIV, the cells were fixed and neurites were immunostained with an anti-neuron-specific class III ␤-tubulin the presence of E18 piriform cortex, axons emerging from the OB explants (n ϭ 69) extended preferentially antibody. On each substrate tested, E15 OB neurons exhibited the same simple morphology with one or two toward the piriform cortex ( Figures 6B, 6E , and 6F). To address the contribution of anosmin-1 to this effect, neurites devoid of collaterals; the neurons growing on anosmin-1 and laminin were indistinguishable; those explants were cocultured in medium containing either purified P111 anti-anosmin-1 antibody (n ϭ 44) or growing on fibronectin had a significant 40% reduction of their neurite length (data not shown). In contrast, S0P111 preimmune serum (n ϭ 41). In the presence of S0P111, E15 OB axons still grew preferentially toward E17 OB neurons developed a complex arborization on anosmin-1 (Figures 5A and 5B) but not on laminin (Figthe E18 piriform cortex explants (Figures 6C, 6E , and 6F). In contrast, in the presence of anti-anosmin-1 antiures 5C and 5D). To evaluate the role of anosmin-1 on neurite branching and elongation, we measured the body, the E15 OB axons grew symmetrically, i.e., the attractive effect of the olfactory cortex was abolished length of the longest neurite of each neuron, the number of collaterals of this neurite, and the mean length of these ( Figures 6D-6F) . The same blocking effect was observed in the presence of purified P34 anti-anosmin-1 antibody collaterals (see Experimental Procedures). As shown in Figure 5K , the length of the longest neurite was not (data not shown). These observations suggest that anosmin-1 secreted by the olfactory cortex acts as an significantly different on anosmin-1 and laminin (p Ͼ 0.05) but was reduced on fibronectin. In contrast, the attractive factor for OB axons. Furthermore, this effect is not seen with E15 but with E18 olfactory cortex, when number of branches emerging from the longest neurite 
(C), (E), (G), and (I) and 7 m in (B), (D), (F), (H), and (J).
min-1-producing CHO cells had no effect on the axons higher in region 2 than in region 3 (p Ͻ 0.0001) with anosmin-1-producing aggregates, but not with aggreoutgrowth from E17 explants (data not shown).
Although the results suggest an attractive effect of gates of untransfected CHO cells (p ϭ 0.81). We finally examined whether the chemoattractive efanosmin-1, we performed tandem coculture experiments (Ebens et al., 1996) to rule out a growth-promoting fect of anosmin-1 was specific to OB neurons. Explants of E17 rat dorsal root ganglia (DRG) were cultured in effect of the molecule. In this assay, two E15 OB explants were exposed in tandem to aggregates of anosmin-1-the presence of anosmin-1-producing CHO cells (n ϭ 100) or untransfected CHO cells (n ϭ 100). In either case, producing CHO cells or untransfected CHO cells. The length of the axons in the near side of the distal explant DRG axons did not grow toward the aggregate ( Figure  7G , and data not shown). Thus, anosmin-1 has a chemoand the far side of the proximal explants (see Figures  7I and 7J ) was quantified; if aggregates secrete a chemattractive activity with specificity for OB neurons. oattractive molecule, axons should be longer in region 2 than in region 3 and vice versa if the molecule stimulates axonal growth (Figures 7I and 7J) . The mean values of Discussion the axon length in regions 2 and 3 were 117 Ϯ 3 m and 86 Ϯ 3 m (n ϭ 59), respectively, in the presence Our results indicate that anosmin-1 is a branching and chemoattractive factor for LOT axons. Moreover, we of anosmin-1-producing CHO cells, and 66 Ϯ 3 m and 85 Ϯ 3 m (n ϭ 27), respectively, with untransfected provide evidence that the response of OB output neurons to anosmin-1 is temporally regulated by two devel-CHO cells. The mean axonal length was significantly , 1999) . We term anosmin-1 of this activity occurs at E18, i.e., when the OB axons a "branch-promoting" molecule since whether it induces invade the olfactory cortex in vivo. Therefore, this the axon budding, the stabilization of the buds, or the strongly suggests that the attractive effect observed in stabilization and/or elongation of minute collaterals revitro on axons emerging from OB explants acts in vivo mains to be clarified. Whether anosmin-1 directly stimuon the collateral branches that bud from these axons lates the elongation rate of the branches also remains at E18. to be explored.
Assuming that anosmin-1 is present at the surface The switch of OB neurons from unresponsive to reof the branches emerging from LOT axons, how does sponsive to the branch-promoting activity of anosanosmin-1 produced in the olfactory cortex attract these min-1, between E15 and E17, indicates that neurons branches? It is worth noting that a similar situation has undergo a maturation process during the stalling or waitalready been reported for the guidance of some axonal ing period. This neuronal maturation process likely inpopulations (Ché dotal et under epifluorescence and confocal microscopy.
Function-Blocking Experiments Antibodies
For function-blocking experiments, either purified P111 or P34 polyThree anti-anosmin-1 immunoreagents, rabbit P34 (Soussi-Yanicosclonal anti-anosmin-1 antibodies (50 g/ml) were added to the cultas et al., 1996, 1998) and P111 immune sera and a monoclonal tures or preincubated with conditioned medium. For control experiantibody, mAb 1-4, raised against the purified human anosmin-1, ments, S0P111 and S0P34 were used. were used. The anti-anosmin-1 polyclonal antibodies were purified by immunoaffinity.
Primary Cultures of Olfactory Bulb Neurons and Quantification of Neurite Outgrowth
The rostral one-third of the OB was incubated for 5 min at 4ЊC in Western Blotting Western blot analysis was performed as previously described 1 mM EDTA, then dissociated for 10 min at 37ЊC in 0.25% trypsin. Trypsin activity was stopped with 20% FCS in PBS, and tissue (Soussi-Yanicostas et al., 1998). Polyclonal antibodies (P34 and P111) were used at 1:10,000 dilution and the monoclonal antibody dissociation was achieved in the presence of 50 g/ml DNase by trituration with a fire-polished Pasteur pipette. Dissociated OB neu-(mAb 1-4) at 5 g/ml.
